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In this issue, Hawse et al. (2008) provide additional insight into the mechanistic properties of sirtuin enzymes
by describing the structure of a thio-imidate in the active site of Thermatogamaritima Sir2, which strengthens
the proposal that the enzyme directly couples NAD+ and acetyllysine oxygen to form a versatile ADPR-pep-
tidyl-imidate intermediate.The acetyl group is the most versatile
2-carbon metabolic component in biolog-
ical systems. As acetyl-CoA, it is the entry
metabolite for the citric acid cycle and the
building block for fatty acid synthesis
(Figure 1A). In eukaryotes, acetylation of
the side chain of lysine residues is a
common posttranslational modification
(Figure 1A) that regulates chromatin
biology through histone modification,
and regulates the function of numerous
other proteins, ranging from transcription
factors to structural proteins such as tu-
bulin (Kim et al., 2006). The investigations
of the complexity and the richness of how
acetylation influences protein function
and the enzymatic machineries that install
and remove the acetyl moiety represent
an active area of research. Through these
efforts, our understanding of acetylation
and deacetylation has been steadily in-
creasing. For example, the mechanistic
and structural details of acetyltransferase
enzymes that catalyze reaction between
acetyl-CoA and protein lysine residues
have been revealed (Hodawadekar and
Marmorstein, 2007). Likewise, it is well
appreciated that class I and class II de-
acetylase enzymes rely on the activation
of water by a zinc metal center located
in the active site, leading to cleavage of
the acetyl group from the lysine (Figure 1A;
Hodawadekar and Marmorstein, 2007).
However, identification of an NAD+-
dependent deacetylases, or sirtuins, has
raised new questions about the regulation
of acetylation and mechanistic aspects of
sirtuins.
Sirtuins are highly conserved, frombac-
teria to humans, and consume one mole
of NAD+ for each acetyl group cleaved
(Sauve et al., 2006). Although it is unclear
why nature should choose to remove ace-tyl group in this manner, the most preva-
lent explanation is currently that this pro-
cess could provide a cell with a means
to couple acetyl removal to specific meta-
bolic conditions, such as the NAD+,
NADH, or nicotinamide status (Guarente,
2006). Alternatively, NAD+-dependent de-
acetylation might have emerged as a way
to generate second messengers, like the
product of sirtuins, 20-O-acetyl-ADP-
ribose (AADPR) (Figure 1A; Sauve et al.,
2006). Sirtuins are implicated in diverse
biological processes, such as gene con-
trol, metabolic regulation, apoptosis, se-
nescence, stress resistance, and lifespan
regulation (Guarente, 2006). Thus, eluci-
dating the biological logic behind the
coupling of NAD+ to deacetylation has
become a multidimensional problem,
involving investigations into organism
biology, metabolism, gene regulation,
biochemistry, and structural biology.
In this issue, Hawse et al. (2008) report
on two new structures of T. maritima
Sir2 and describe mutagenesis studies
that provide a unique view of how sirtuins
couple NAD+ to protein deacetylation and
how these enzymes respond to the
dynamics of NAD+ metabolism. It is now
widely agreed that sirtuins catalyze a
direct reaction between the acetyllysine
and the NAD+ molecule (Sauve et al.,
2006). This was initially suggested based
on the fact that the product of NAD+-
dependent deacetylation, AADPR, is a re-
sult of a group transfer reaction by an ace-
tyl group to ADP-ribose (ADPR) of NAD+,
which was further supported by elucida-
tion of the 20-position regiochemistry of
the acetyl group in AADPR and 18O label-
ing studies, showing that the acetyl-oxy-
gen reacted directly with C10 of NAD+
(Sauve et al., 2001). Schramm and co-Structure 16, September 10, 2008workers argued that a direct displace-
ment reaction of this kind forms an un-
usual intermediate called ADPR-peptidyl
amidate or imidate (Figure 1B; Sauve
et al., 2001, 2006). From the point of this
intermediate, the reaction may proceed
in a forward direction, completing deace-
tylation chemistry, or in reversed direc-
tion, resulting in the reformation of NAD+
and acetyllysine (Sauve et al., 2001).
Hawse et al. (2008) now provide nuanced
insights into the details of the forward
reaction, capturing information about the
likely reaction transition state and, even
more remarkably, capturing a version of
the imidate, thioimidate, in the crystallized
protein, confirming that the imidate is a
sirtuin intermediate.
Transition State Analog
As first proposed by Sauve et al. (2001),
sirtuins coordinate NAD+ and substrate
peptide acetyllysine in the active site to
form a Michaelis complex (Figure 1B),
and catalyze imidate intermediate forma-
tion through displacement of nicotin-
amide by the substrate acetyl-oxygen at
C10 of NAD+ (Figure 1B). Consistent with
inverted product stereochemistry, the
mechanism was proposed to be SN1,
with a transition state that involves a dis-
sociated oxacarbenium ion. SN1 mecha-
nism was favored based on chemical
precedent and previous studies on other
inverting ADP-ribosyltransferases. How-
ever, recent work by Denu and coworkers
(Smith and Denu, 2007b) questions this
mechanism and suggests that the acetyl-
lysine nucleophile is highly associated at
the transition state (SN2 in nature), incon-
sistent with an oxacarbenium ion (Smith
and Denu, 2007b). Hawse et al. (2008)
now use a structural approach to addressª2008 Elsevier Ltd All rights reserved 1289
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considered a transition state-like mimic
of theNAD+oxacarbenium ion (Figure 1C).
The authors conclude that the cocrystal-
lized ligand provides evidence for an
expanded transition state, in which bond
cleavage of the nicotinamide precedes
association with the acetyllysine oxygen
nucleophile, consistent with the original
SN1 mechanism. The distance analysis
suggests that the reaction involves migra-
tion of the sugar of ADPR from the nicotin-
amide to the acetyllysine nucleophile,
a mechanism called ‘‘nucleophilic dis-
placement by electrophilic migration,’’
which has been identified for other N-ribo-
syltransferases (Schramm and Shi, 2001).
Although the data support the SN1 model,
there are two important caveats: the bind-
ing constant for the mimic is weaker than
for the substrate NAD+, which would not
be expected for a transition-state analog;
and the ligand geometry is not isogeomet-
ric with the transition state. Thus, further
studies are needed to additionally test
the two mechanisms.
Imidate Complex
The most impressive achievement in the
current structural study is the successful
crystallization of a stabilized thioimidate
complex (Figure 1D), an isostructural ana-
log of the proposed O-imidate complex
(Figure 1B). To prepare samples for struc-
tural investigation, the enzyme was incu-
bated with NAD+ and a peptide substrate
with thioacetyl instead of acetyl modifica-
tion, which leads to slower enzymatic
turnover and a mechanism-based inhibi-
tion of sirtuins (Smith and Denu, 2007a).
It was suggested that thioacetyl follows
the same reaction pathway as acetyl and
reacts with NAD+ to form the unreactive
thioimidate, thus stalling the enzyme
(Smith and Denu, 2007a). Hawse et al.
(2008) confirm that the thioacetyl reacts
with NAD+ to form a stalled thioimidate
complex as proposed. The capture of
this species confirms that NAD+ and ace-tyllysine react with one another directly
in the first step of sirtuin catalysis. More
importantly, the structure resoundingly
supports the idea that sirtuins form an
O-imidate as the reactive species respon-
sible for deacetylation and for reaction
with nicotinamide, as originally suggested
(Sauve et al., 2001). The imidate was
hardly the most natural species to pro-
pose to account for sirtuin catalysis when
it was first considered; nonetheless, the
current structure cements it as the bona
fide central player in sirtuin chemistry.
Still, additional questions remain. Can
the thioimidate catalyze base exchange
as proposed for the O-imidate, and why
is it so stable with respect to further for-
ward reaction? The authors suggest that
the slow turnover might be due to an in-
creased distance between the 20-OH
and the thioimidate carbon, which is diffi-
cult to verify since the distance relation-
ships of the corresponding O-imidate
are unknown. Thus, although similar to
O-imidate, thioimidate is not the same
in all respects, and the structure of the
catalytically relevant O-imidate complex
is necessary to address these outstanding
questions.
Phenylalanine33 in Base Exchange
and Nicotinamide Regulation
Hawse et al. (2008) also determine posi-
tions of key active site residues in their
structures. In the thioimidate structure, in
particular, an active site histidine, impli-
cated in activating 20-OH nucleophilicity,
is placed directly at the 20-OH, suggesting
that this histidine activates the 20-OH
directly in the imidate complex. Another
key residue is universally conserved phe-
nylalanine, Phe33. Based on its position in
the imidate, Hawse et al. (2008) propose
that Phe33 is a gate-keeper of the inter-
mediate, regulating its reaction with nico-
tinamide and protecting it from spontane-
ous reaction with the solvent. Strikingly,
Phe33Ala mutation yields an enzyme that
is hypersensitive to nicotinamide inhibi-tion, with a potently accelerated base ex-
change reaction. This result, in combina-
tion with previously published reports,
supports the idea that Phe33 is crucial
for regulating NAD+ substrate recognition,
transition state stabilization, imidate reac-
tivity, nicotinamide recognition, and nico-
tinamide regulation. However, Phe33 is
not the end of the story. For example,
although Phe33 is universally conserved
in sirtuins, sirtuins themselves exhibit vari-
able nicotinamide sensitivity, suggesting
that other currently unidentified residues
in the active site must also contribute to
the fine-tuning of Phe33 role in controlling
imidate reactivity with nicotinamide.
Conclusions
In conclusion, while limited to character-
ization of two intermediate states of an
enzyme that is proposed to have at least
ten, the current study of T. maritima Sir2
identifies several key aspects of the
chemistry that integrates NAD+ and
NAD+ metabolism to acetyllysine re-
moval. Needless to say, there is still a lot
to be done, such as determining the
nature of the first transition state, reveal-
ing why the thioimidate is much slower
than theO-imidate in deacetylation chem-
istry, and establishing if the proposed
‘‘gate-keeper role’’ of Phe 33 is conserved
in other sirtuins. Finally, later mechanistic
steps, downstream of the O-imidate,
remain largely uncharacterized and will
inevitably provide further insight into
these complex and intriguing enzymes
that regulate acetylated proteins.
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1368–1377.Figure 1. Fate of Acetyl Groups in Biochemistry and Protein Modification and Specific Role and Chemistry of Sirtuins
(A) Metabolic fates of acetyl-CoA and utilization of acetyl-CoA to effect protein modification. Acetyllysine modification cycle is also depicted. Acetyltransferases
react acetyl-CoA with free lysine side chains on proteins. Deacetylases remove acetyl groups from proteins and come in two varieties. Class I and Class II de-
acetylases react water with acetyllysine and produce the free lysine side chain and acetate (top box). Sirtuins react NAD+ and effect deacetylation with concom-
ittant production of 2-O-acetyl-ADPR (AADPR).
(B) Proposed mechanism of lysine deacetylation catalyzed by sirtuins leading to the formation of ADPR-peptidyl-imidate, followed by further deacetylation
chemistry. Blue arrows depict reversal of forward chemistry by imidate reaction with solution nicotinamide. Downstreammechanistic steps from imidate leading
to AADPR formation and free lysine side chain are not shown and are represented by red arrows.
(C) Line drawing representation of determined X-ray structure of transition state analogue cocrystallized in TmSir2, as reported in Hawse et al. (2008).
(D) Line drawing of X-ray structure of thio-imidate complex, as determined by Hawse et al. (2008). Phenylalanine 33 is depicted at top of complex regulating
nicotinamide reactivity.
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In this issue ofStructure, Lander et a
tural virology: an appreciation of the
ogy, and the renewed interest of bio
capsid stability.
The double-strand DNA (dsDNA) contain-
ing bacteriophages package their genomic
DNA into a preformed procapsid shell in
an ATP-dependent reaction. This reaction
is driven by a heterotypic terminase com-
plex in concert with a dodecameric portal
protein complex which is located at one
of the icosahedral vertices. Bulk solution
measurements indicate that one ATPmol-
ecule is hydrolyzed for every two base
pairs of DNA packaged. Single molecule
measurements on bacteriophages phi-
29 and lambda during the packaging
reaction suggested that as more and
more DNA is packaged, the internal pres-
sure increases, ultimately reaching a value
of approximately sixty atmospheres
(Fuller et al., 2007; Smith et al., 2001).
DNA packaging triggers an irreversible
expansion of the procapsid lattice. The
expansion is realized by domain move-
ments in the capsid protein. In a manner
similar to opening a closed hinge, the do-
main movements push the subunits apart
from one another at the expense of the
thickness of the shell (Conway et al.,
2001). Despite the thinning that accom-
panies expansion, the expanded mature
capsid is generally more stable than the
procapsid. It is important to note that
while this transformation is triggered
by DNA packaging, it is not an elastic
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Boeke, J.D. (2006). Annu. Rev. Biochem. 75,
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of Capsid Decor
iversity of Alabama at Birmingham, 845 19th S
l. (2008) highlight the confluence of t
evolutionary relatedness of viruses
physicists in understanding the for
deformation of the capsid but rather an
irreversible structural rearrangement.
Inmany dsDNAphage, including bacte-
riophage lambda, the expanded form is
subsequently ‘‘decorated’’ by the binding
of multiple copies of a protein or proteins
to the capsid lattice. The binding sites
for the decoration proteins are only
generated upon expansion; they are
not present in the procapsid. In the case
of lambda, the decoration protein is gpD.
The binding of these decoration proteins
stabilizes the capsid against the internal
force generated by the highly condensed
DNA and indeed mutants lacking the
decoration proteins are often unstable
when packaged (Sternberg and Weis-
berg, 1977). Whereas lambda requires
the binding of the gpD decoration protein
to stabilize the capsid, the structurally
similar bacteriophage HK97 does not. In-
stead HK-97 undergoes an autocatalytic
covalent crosslinking reaction between
coat protein subunits. The structure of
HK97 has been solved to atomic resolu-
tion and the subunits exhibit a fold that
has come to known as the HK-97 fold
(Wikoff et al., 2000). This fold is observed
in a number of other dsDNA phage, in-
cluding as demonstrated by Lander et al.
in this issue, bacteriophage lambda. The
crosslinking reaction accompanying HK-
08 Elsevier Ltd All rights reservedSmith, B.C., and Denu, J.M. (2007a). Biochemistry
46, 14478–14486.
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hree exciting developments in struc-
, the advances in cryo-EM technol-
ces involved in DNA packaging and
97 expansion involves an intricate rear-
rangement of loop regions in the protein
with the end result that each subunit is
chemically crosslinked to two of its neigh-
bors. The precise geometry of the cross-
linking reaction results in a chain-mail
structure composed of interlinked rings
of hexamers and pentamers. The cross-
linking reactions occur at the three-fold
axes of the T = 7 procapsid/capsid lattice.
Using cryo-electron microscopy
Lander et al. identify the mechanism of
binding of the bacteriophage lambda dec-
oration protein gpD. Previous cryo-EM
reconstructions of bacteriophage lambda
from Dokland and Murialdo (1993) dem-
onstrated that gpD binds at the three-
fold axis, and a crystal structure of a trimer
form of gpD revealed the fold of all but the
N-terminal fourteen residues (Yang et al.,
2000). These residues are known to be re-
quired for gpD binding but were predicted
to be disordered. Lander et al. take ad-
vantage of the ability of cryo-EM to reach
near atomic resolution and visualize tri-
mer-clustered gpD molecules bound to
the lambda capsid. The crystal structure
of the gpD trimer was docked definitively
into the cryo-EM reconstruction and the
merged data revealed that the disordered
N-terminal 14 residues become ordered
upon binding. The 14 residues contribute
